C hronic infection by hepatitis B virus (HBV) and hepatitis C virus (HCV) affects over 500 million people worldwide. 1, 2 Chronic viral hepatitis is associated with significant morbidity and mortality and is considered a major public health problem in most areas of the world, raising the issues of their diagnosis, treatment, and prevention. In the past decade, improvements in molecular biology-based techniques have yielded highly valuable tools for use in this setting. This article reviews current molecular biology-based techniques and assays, and their practical use in the management of HBV and HCV infection.
Molecular Biology-Based Techniques

Detection and Quantification of Viral Genomes
Viral genomes are generally present in relatively small amounts in body fluids of infected patients, hindering their detection by simple molecular hybridization-based techniques. Thus, their detection and quantification require a preliminary "amplification" step. This can be achieved by using 2 categories of molecular biology-based techniques, namely target amplification and signal amplification.
Target amplification techniques. The principle of target amplification techniques is to synthesize a large number of copies of the viral genome (amplicons) in a cyclic enzymatic reaction. The amplicons can then be detected by various methods, and the amount of viral genomes in the clinical sample can be quantified.
The polymerase chain reaction (PCR) method 3 uses several temperatures and one enzyme, a thermostable DNA polymerase. The amplicons are double-stranded DNA ( Figure 1 ). PCR can be applied to HBV DNA directly, after extraction of nucleic acids or lysis of the viral envelope. In contrast, a reverse transcription step is required for HCV RNA, to synthesize a complementary double-stranded DNA (cDNA) for use as template in the PCR reaction. Each complete PCR cycle doubles the number of DNA copies; after n cycles, 2 n copies of each DNA molecule present at the beginning of the reaction are theoretically synthesized. In fact, the reaction is saturable and reaches a plateau, generally after 35 to 45 cycles.
In transcription-mediated amplification (TMA), 4 the reaction is isothermal and uses 2 enzymes, a reverse transcriptase and a T7 RNA polymerase. The amplicons are single-stranded RNA (Figure 2 ). After lysis of the viral envelope, the viral genome (HBV DNA or HCV RNA) is captured by oligonucleotide probes and bound to magnetic microparticles. Amplification involves autocatalytic isothermal production of RNA transcripts with the 2 enzymes. Each newly synthesized RNA re-enters the TMA process and serves as a template for the next round of replication, resulting in exponential amplification of the target RNA. TMA reactions also reach a plateau after a certain number of cycles.
Detection of PCR and TMA amplicons is classically based on specific hybridization to immobilized oligonucleotide probes. Amplicon-probe hybrids are revealed in an enzymatic reaction, followed by detection of a colored or luminescent signal. Quantification is based on competitive amplification of the viral template with a known amount of synthetic standard added to each reaction tube. The relative amounts of viral template and standard amplicons are measured at the end of the procedure, and the results are read from a standard curve established in parallel.
More recently, "real-time" PCR techniques have been developed. The principle is to detect amplicon synthesis and to deduce the amount of viral genomes in the starting clinical sample during rather than at the end of the PCR reaction. 5 These methods are theoretically more sensitive than classical target amplification techniques and are not prone to carryover contamination. Their dynamic range of quantification is consistently wider, making them particularly useful for quantifying the full range of viral loads observed in untreated and treated patients with HCV and HBV infection. 6 -13 Two amplification, detection, and interpretation platforms are currently available: ABI Prism Real-Time PCR devices (Applied BioSystems, Foster City, CA), and the LightCycler device (Roche Molecular Systems, Pleasanton, CA). The LightCycler system can be coupled with an automated viral nucleic acid extraction platform (MagnaPure; Roche Molecular Systems), and similar equipment is being developed for coupling to the ABI Prism system. Several methods can be used in these systems, but need to be adapted to HCV RNA and HBV DNA detection and quantification though appropriate probe design.
In the TaqMan technology, 14 a probe labeled with a "reporter" fluorochrome and a "quencher" fluorochrome is designed to anneal to the target sequence between the sense and antisense PCR primers. As long as both fluorochromes are on the probe, the quencher molecule stops all fluorescence emission by the reporter. During each PCR reaction, as the DNA polymerase extends the primer, its intrinsic nuclease activity degrades the probe, releasing the reporter fluorochrome. Thus, the amount of fluorescence released during the amplification cycle and detected by the system is proportional to the amount of amplicons generated in each PCR cycle.
In the fluorescence resonance energy transfer method, 15-17 2 specific oligonucleotide probes labeled with fluorescent dyes are used in addition to the usual PCR reagents. Their sequences are selected such that they hybridize to Figure 1 . Principle of PCRbased target amplification. During each cycle, DNA is denatured at 90 -95°C to separate the 2 strands; specific primers (I) then attach to each strand at a melting temperature depending on the primer sequence and length (annealing); and a new DNA strand is synthesized behind the primers at 72°C on each template strand (elongation). Further amplification cycles swiftly produce large numbers of identical fragments, each of which contains the DNA region of interest.
the amplified DNA fragment in a head-to-tail arrangement, meaning that the 2 fluorescence dyes are positioned in close proximity to each other. This permits highly efficient energy transfer between the probes, which can be detected as fluorescence emission. As in the TaqMan method, the measured fluorescence is proportional to the amount of DNA amplicons generated during the ongoing PCR process.
In the SYBR Green I dye method, 18, 19 the fluorescent dye SYBR Green I produces a minimal background fluorescence signal when unbound. During each PCR cycle, a few molecules bind nonspecifically to the doublestranded DNA amplicons. DNA binding results in a marked increase in SYBR Green I fluorescence emission, which is proportional to the amount of DNA amplicons generated.
Other methods and probes can be used, such as molecular beacons. 20 -22 Whatever the technique used, software is used to calculate the threshold cycle (CT in ABI Prism, Cp in LightCycler) in each reaction with which there is a linear relationship with the initial amount of DNA. In each run, parallel processing of a panel of quantified standards is used to establish a standard curve for quantification. Signal amplification techniques. In signal amplification techniques, the viral genomes are first hybridized to a holder, by means of specific "capture" oligonucleotide probes. Then, the signal emitted by the hybrids is amplified for detection and measurement.
In the Hybrid-Capture system (Digene Corp., Gaithersburg, MD) (Figure 3 ), 23 HBV DNA is hybridized to specific RNA probes to create RNA-DNA hybrids. The hybrids are captured on a solid phase coated with universal capture antibodies specific for RNA-DNA hybrids, and are detected with multiple antibodies (resulting in signal amplification) conjugated to a revelation system based on chemiluminescence.
In the "branched DNA" (bDNA) assay (Figure 4 ), 24 -29 viral genomes are specifically captured on microwells by hybridization with oligonucleotide probes. Synthetic bDNA amplifier molecules are hybridized to immobilized target hybrids in the microwells (first-generation HBV DNA and HCV RNA assays, and second-generation HCV RNA assays). A preamplifier molecule is added to the bDNA complex in the third-generation HCV and HBV assays to augment the signal amplification (i.e., assay sensitivity). Signal amplification is achieved through the multiple repeat sequences within each bDNA amplifier molecule that serve as sites for hybridization with alkaline phosphatase-conjugated oligonucleotide probes. Detection is based on alkaline phosphatase-catalyzed chemiluminescence emission from a substrate. Quantification is based on a standard curve generated simultaneously with known standards.
Analysis of the Viral Genome Sequence
Viral genome sequence analysis is aimed at identifying signature sequences and/or amino acid substitu- Figure 3 . Principle of hybridcapture signal amplification assay. The target sequence is double-stranded HBV DNA. Hybridization to specific RNA probes creates RNA-DNA hybrids, which are captured on a solid phase (a tube in the firstgeneration assay, microplate wells in the second-generation assay) by means of universal capture antibodies specific for RNA-DNA hybrids. Detection is performed after signal amplification with multiple antibodies conjugated to a revelation system based on chemiluminescence. Light emission is measured and compared with a standard curve generated simultaneously with known standards.
tions at specific positions. In practice, signature sequences are used to classify viral strains into phylogenetic groups of clinical interest, called genotypes (including HBV and HCV types, and HCV subtypes), 30, 31 and amino acid substitutions known to be associated with viral resistance to antiviral therapy (essentially HBV resistance to specific polymerase inhibitors 27, 32, 33 ) can also be identified. The entire genome of HBV or HCV cannot be routinely analyzed, and available techniques therefore study particular genomic regions. Genome sequence analysis is based on direct sequencing, which provides the full sequence of the analyzed fragment, or on alternative techniques that identify specific sequences at given positions.
Direct sequencing. Direct sequencing of PCR amplicons in an automated DNA sequencer can be used to determine the exact nucleotide and deduced amino acid sequence of the analyzed fragment. It can be applied to the detection of known clinically relevant motifs or mutations, and can also be used for "blind" analysis . The multiple repeat sequences within each bDNA molecule serve as sites for hybridization to alkaline phosphatase-conjugated oligonucleotide probes. Alkaline phosphatase catalyzes chemiluminescence emission from a substrate, which is measured and compared with a standard curve generated simultaneously with known standards.
aimed at detecting new motifs or mutations. The sequences must be analyzed and interpreted carefully, because the coexistence of variant viral populations in the same blood sample (quasispecies distribution of viral genomes) may lead to sequence ambiguities. 34 -37 Identification of amino acid substitutions at specific positions relies on direct examination of the generated sequences, whereas genotype determination is based on phylogenetic analysis of the generated sequences relative to reference sequences. Direct sequencing is the gold standard for genomic sequence analysis.
Alternative techniques. As direct sequencing is labor-intensive and only available in specialized laboratories, alternative techniques have been developed for routine clinical use. These techniques necessitate prior knowledge of the target motifs or mutations. Both "home-made" PCR amplification with sequence-specific primers 38 and restriction fragment length polymorphism analysis of PCR amplicons 39 can be used to determine viral genotypes or to detect point mutations. However, by far the most widely used assays are based on reverse hybridization of PCR amplicons. 40 -46 In these assays, PCR amplification of the region of interest is followed by stringent hybridization with oligonucleotide probes fixed to a solid phase; the probes are designed to be complementary to the various possible sequences. Revelation is based on a colorimetric reaction. Hybridization to a particular probe means that the analyzed fragment has the complementary sequence.
Molecular Diagnosis of HCV Infection
Available Assays HCV RNA detection and quantification. Table 1 lists the commercial assays that can currently be used to detect or quantify HCV RNA. Approval of each test for diagnostic purposes or research use only varies from one country to another at the time of writing.
Qualitative, nonquantitative assays can detect the presence of HCV RNA, but they cannot measure HCV viral load. They are based on target amplification, i.e., PCR or TMA. Table 1 shows the lower detection cutoffs of the available tests, as stated by the manufacturers. Qualitative assays remain clinically useful because they are more sensitive for HCV RNA detection than most of the currently available quantitative assays. Quantitative HCV RNA assays are based on target or signal amplification. The manufacturers' stated dynamic ranges of quantification of the currently available tests are shown in Table 1 . The dynamic range of quantification can be extended by diluting and retesting high-viral-load samples, but the dilution step may affect accuracy. All currently available assays have satisfactory specificity: their stated specificity is higher than 95% in all instances, and reaches 98%-99% in most cases. They accurately quantify HCV RNA within their respective dynamic ranges of quantification, with no difference among the various HCV genotypes 27,47-53 (Pawlotsky et al., unpublished results). However, it is recommended not to take into account HCV RNA load variations of less than 3-fold (i.e., Ϯ0.5 log 10 ), which may be related to the intrinsic variability of the assays. In contrast, variations of more than 3-fold (i.e., 0.5 log 10 ) can reliably be considered to reflect significant differences in HCV RNA load.
Until recently, the quantitative units used in the various assays did not represent the same amount of HCV RNA in a clinical sample. The World Health Organization (WHO) has now established an international standard for universal standardization of HCV RNA quantification units. An HCV RNA international unit has been defined. 54, 55 It is currently used in all commercial HCV RNA quantitative assays and should be preferred to any other quantitative unit. 50, 56, 57 Indeed, the use of standardized international units for HCV RNA quantification allows recommendations and guidelines to be derived from clinical trials and applied in clinical practice with any quantitative HCV RNA assay.
HCV genotype determination. Table 2 shows the commercial assays based on molecular methods that can be used to determine the HCV genotype. Again, current approval for diagnostic purposes or research use only varies from one country to another. All these assays target the 5Ј non-coding region of HCV genome. Relative to genotyping in the NS5B region-considered the gold standard for genotype determination-mis-typing seems to be rare, whereas mis-subtyping is frequent (approaching 10% of cases). This has no clinical consequences, as clinical decisions are not currently based on the HCV subtype. The HCV genotype can also be determined by means of serological methods based on the detection of genotype-specific antibodies.
Practical Use
Screening of blood donations for HCV RNA. Routine screening of blood donations for anti-HCV antibodies has drastically reduced the risk of post-transfusion hepatitis C. 58 However, the "serologic window" between HCV infection and the detection of specific antibodies varies from one patient to the next (on average, 7 to 8 weeks on the basis of current assays). The resulting residual risk was calculated to be approximately 1 of 233,000 donations in the 1997-1999 period in the United States (1 of 700,000 donations in France during the same period). HCV RNA detection in pooled or individual donations by molecular biology techniques (e.g., qualitative PCR or TMA assays) has recently been implemented in blood banks in the European Union and the United States to reduce this "window period" and to improve the viral safety of blood products. Despite a certain heterogeneity among centers in terms of the size of the plasma pools tested and the sensitivity of the anti-HCV antibody assays used for screening, the 2-year experience with HCV RNA testing of blood donations confirms initial estimates. Indeed, in the United States, 29,253,815 donations were tested between March-April 1999 and June 2001, and 113 of them (i.e., 1 of 259,000) were found to be HCV RNA-positive and anti-HCV antibody-negative (SL Stramer, personal communication, September 2001). The rate of false-positive results causing loss of the donation was 1 of 15,800 in the first year of testing (SL Stramer, personal communication, September 2001). Interestingly, 80% of anti-HCV antibody-positive donations were found to be HCV RNA-positive, suggesting that the vast majority of the remaining 20% of donors had resolved the infection. 59 Diagnosis of HCV infection. HCV RNA assays are useful in several diagnostic settings. In all instances, qualitative assays are used because they are more sensitive for HCV RNA detection than the current quantitative assays (Table 1) . Nevertheless, a quantitative HCV RNA assay with equal sensitivity could be used for diagnostic purpose. It is likely that sensitive quantitative assays will replace purely qualitative assays in the future. Acute hepatitis C. In acute HCV infection, anti-HCV antibodies are detected in only 50% to 70% of patients at the onset of symptoms; in the remaining patients, anti-HCV antibodies usually emerge after 3 to 6 weeks. 60 -62 Thus, HCV RNA must be sought with a sensitive technique in patients with acute hepatitis who have no serological markers of viral hepatitis (including anti-HCV antibody negativity). 63 HCV RNA detection strongly suggests acute hepatitis C, which is confirmed by subsequent antibody seroconversion. In contrast, negative HCV RNA detection makes this diagnosis very unlikely. When both anti-HCV antibodies and HCV RNA are present during acute hepatitis, it may be difficult to discriminate among acute hepatitis C, an acute exacerbation of chronic hepatitis C, and acute hepatitis of another cause in a patient with chronic hepatitis C.
Chronic hepatitis C. In patients with symptoms of chronic hepatitis, HCV RNA testing must be performed when anti-HCV antibodies are present, to assess viral replication and to confirm the diagnosis of HCV infection. 63 ,64 HCV RNA testing should also be performed when no antibodies are found and hepatitis C is suspected in hemodialyzed or immunosuppressed patients who may (occasionally) have seronegative chronic hepatitis C, especially if the immunodepression is profound. 63 Mother-to-infant transmission. Babies born to HCVinfected mothers usually carry HCV antibodies for between a few months and 1 year, because of passive transfer from the mother. [65] [66] [67] [68] The diagnosis of HCV infection in the baby is thus based on HCV RNA detection. 63 The dates at which the test should ideally be performed are not precisely known. In case of HCV RNA negativity, the lack of transmission is confirmed by the gradual disappearance of HCV antibodies. If the baby is infected, HCV RNA detection may be positive at birth or only later during the first year of life, whereas anti-HCV antibodies persist.
Accidental exposure. HCV RNA can generally be detected in serum within a few days to a few weeks after accidental exposure to HCV-infected blood. Elevated alanine aminotransferase (ALT) activity and seroconversion are observed a few weeks later in the absence of therapy. Antiviral therapy, which prevents progression to chronicity in a large proportion of cases, is not an emergency and may be started once the diagnosis of acute hepatitis C is made.
Assessment of disease severity and prognosis.
No virological parameters can be used to assess the severity of HCV-related liver disease (which is currently evaluated by means of liver biopsy), or to establish the prognosis. In particular, neither the HCV genotype nor HCV viral load at the time of liver biopsy seems to correlate with necro-inflammatory activity or the extent of fibrosis, or to predict subsequent outcome. Therefore, repeated HCV RNA determinations are not needed during follow-up of untreated patients.
Treatment of HCV infection. The reference therapy for chronic hepatitis C is now a combination of weekly pegylated (PEG) interferon alfa (IFN-␣) and daily ribavirin administration. 69 Molecular biology-based techniques are particularly useful for managing the successive phases of treatment. Decision to treat. In the absence of contraindications to antiviral therapy, treatment of chronic hepatitis C is indicated for patients with elevated serum ALT activity, chronic hepatitis on liver biopsy (with or without cirrhosis), and HCV RNA positivity. 63, 70 Patients with severe HCV-related extrahepatic disorders (e.g., symptomatic cryoglobulinemia-associated vasculitis or glomerulonephritis) and detectable HCV RNA should also be treated. 63, 70 For patients with repeatedly normal ALT activity and/or mild hepatitis on liver biopsy but HCV RNA positivity, the strategy varies according to the HCV genotype. The patients infected with HCV genotypes 2 or 3 should be treated, because more than 80% of them will achieve a sustained virological response (i.e., HCV RNA clearance maintained for 24 weeks after treatment withdrawal), which is the endpoint of therapy. 69 In the patients infected with other genotypes, the decision to treat is based on the assessment of the natural prognosis of HCV-related liver disease on liver biopsy. 63 Selection of optimal therapy. With the previous reference treatment, based on recombinant IFN-␣ administered 3 times weekly in combination with daily ribavirin, both the HCV genotype and HCV viral load were significant predictors of sustained virological response. 71, 72 Based on these results, 24 weeks of treatment was recommended for patients infected by genotypes 2 and 3 (whatever their viral load); and for patients infected by genotypes 1, 4, and 5 who had a low pretreatment viral load (i.e., Ͻ800,000 IU/mL) and no other predictors of nonresponse (such as male gender, age over 40 years, and fibrosis on liver biopsy). 57, 63, 73 In contrast, patients infected by genotypes 1, 4, or 5 who had a high pretreatment viral load (i.e., Ͼ800,000 IU/mL) needed 48 weeks of treatment, provided that they were virological responders (i.e., HCV RNA-negative) at week 24 of therapy. 57, 63, 73 Both the HCV genotype and HCV viral load, together with body weight, age, and the presence of bridging fibrosis/cirrhosis on liver biopsy, were recently identified as significant predictors of a sustained virological response to the PEG-IFN-␣-ribavirin combination. 69 However, available data are inadequate to make recommendations on how to tailor treatment to pretreatment virological parameters. In practice, HCV genotype determination must be performed before PEG-IFN-␣-ribavirin treatment. It is indeed very likely, based on the results of recombinant IFN-␣-ribavirin combination therapy 71, 72 and the better efficacy of PEG-IFN-␣-ribavirin, 69 that patients infected by genotypes 2 and 3 do not need more than 24 weeks of treatment; this question is being addressed in ongoing clinical trials. In contrast, patients infected by genotype 1 (and, by extension, those infected by genotypes 4, 5, or 6) should receive 48 weeks of treatment. Whether or not the treatment duration and/or the doses of PEG-IFN-␣ and ribavirin should be modulated according to baseline viral load (for reasons of cost/safety/efficacy) remains to be determined.
Treatment monitoring. Qualitative HCV RNA detection assays must still be used to assess the virological response of chronic hepatitis C to therapy, because they are more sensitive than current quantitative assays (Table  1 ). In patients who receive PEG-IFN-␣ and ribavirin for 48 weeks, the probability of a sustained virological response is extremely low when HCV RNA is still detectable at week 24. 69 Thus, HCV RNA determination at week 24 can help with the decision-making process, according to pretreatment liver biopsy findings and overall prognosis, as follows: when negative, continue therapy; when positive, stop therapy or continue to improve liver histology and slow liver disease progression without clearing the infection.
In the patients who complete treatment, the end-oftreatment virological response is evaluated at week 24 or 48 according to treatment duration. HCV RNA detection at this latter time point is highly predictive of a subsequent relapse. The main endpoint of treatment is a sustained virological response, characterized by normal ALT activity and HCV RNA negativity 24 weeks after treatment cessation. Long-term follow-up of sustained virological responders to antiviral therapy suggests that viral clearance 24 weeks after treatment withdrawal is highly predictive of long-term viral eradication. 74 -76 This needs to be confirmed in sustained virological responders to the PEG-IFN-␣-ribavirin combination.
Controversy persists over whether HCV RNA quantification should be used to assess the virological response and to make clinical decisions during therapy. It has recently been suggested that a 2-log fall in viral load (i.e., a baseline viral load divided by 100) or HCV RNA negativity (patients whose baseline viral load was less than 2 log above the detection cutoff of the assay) at week 12 has poor positive predictive value but excellent negative predictive value for a subsequent sustained virological response to PEG-IFN-␣ and ribavirin therapy (Fried et al., unpublished data). This means that, in the absence of such changes, a patient has a minimal chance of a sustained virological response. If confirmed, these results would allow the decision to stop or continue therapy to be made as early as week 12 of treatment. Monitoring of viral replication dynamics based on frequent blood sampling during the first days to weeks of treatment may allow patients to be categorized according to their actual virological response. 77, 78 Such categorization might be useful to optimize treatment efficacy and to determine the best indications of future new treatments. Ongoing studies, such as the European Commission-granted multicenter DITTO trial, are assessing the clinical relevance of monitoring HCV RNA dynamics during therapy.
Molecular Diagnosis of HBV Infection
Available Assays HBV DNA detection and quantification. Table 3 shows the commercial assays that can currently be used to detect and quantify HBV DNA. For each of them, current approval for diagnostic purposes or research use only varies from one country to another. Table 3 shows the dynamic ranges of quantification stated by the manufacturers. The dynamic range of quantification can be extended to higher values by diluting and re-testing high-viral-load samples, but the dilution step may affect accuracy. These assays have been shown to be specific and accurate within their respective dynamic ranges of quantification. 23,25,28,29,79 -84 The possible influence of the HBV genotype on quantification has not been extensively studied. As with HCV, it is recommended not to take into account HBV DNA load variations of less than 3-fold (i.e., Ϯ0.5 log 10 ), whereas variations of more than 3-fold (i.e., 0.5 log 10 ) can reliably be considered to reflect significant changes. HBV DNA quantitative units currently used in the various assays do not represent the same actual amount of HBV DNA in a given clinical sample. WHO has established an international standard for universal standardization of HBV DNA quantification units, and an HBV DNA international unit has been defined. 85 This international unit must be preferred to any other quantitative unit and should now be implemented in all commercial HBV DNA quantitative assays. This will be particularly useful for recently developed highly sensitive HBV DNA assays, as well as for establishing clinically relevant thresholds and recommendations for clinical decisions based on HBV DNA load.
HBV genotype determination and identification of resistance mutations. No commercial assays can be used to determine the HBV genotype, the clinical relevance of which remains unknown. A line probe assay has recently been developed (Innogenetics, Ghent, Belgium) to identify HBV DNA polymerase mutations associated with HBV resistance to lamivudine. 43 It is based on PCR amplification of the HBV reverse transcriptase gene and reverse hybridization to oligonucleotide probes bearing various resistance-associated mutations coated on a nitrocellulose strip. 43 
Practical Use
Screening of blood donations for HBV. Routine screening of blood donations for hepatitis B surface antigen (HBsAg) and total anti-hepatitis B core antibodies has drastically reduced the risk of post-transfusion hepatitis B, which was estimated to be approximately 1 of 137,000 donations in the 1997-1999 period in the United States (1 of 475,000 donations in France during the same period), i.e., about twice the residual risk of HCV transmission before the implementation of HCV RNA testing. HBV DNA can be detected on average 21 days before the appearance of HBsAg, even when HBsAg is assayed with the most sensitive tests. However, no extra donors would be rejected on the basis of pooled HBV DNA testing than by using the most sensitive HBsAg tests on an individual basis (SL Stramer, personal communication, September 2001). At the time of writing, HBV DNA screening by molecular biology techniques has not been implemented in blood banks in Europe and the United States.
Diagnosis of HBV infection. No molecular biology-based assays are necessary for the diagnosis of acute hepatitis B, which is based on serological testing. Chronic hepatitis B is defined by HBsAg persistence in serum for more than 6 months. In this setting, HBV DNA detection-quantification is necessary to determine whether or not HBV is replicating. 2 When HBV DNA is detected, the quantitative result should be interpreted according to hepatitis B e antigen (HBeAg) status, ALT activity, and histologic status, including the activity and degree of fibrosis. In the presence of HBeAg, the diagnosis of replicating chronic hepatitis B can be made whatever the viral load. 2 In contrast, the interpretation of HBV DNA quantification is difficult in HBeAg-negative/anti-HBeAg-positive patients (pre-core mutant HBV), who generally have lower replication levels than HBeAg-positive patients. Indeed, the recent development of highly sensitive assays based on target amplification, which can detect HBV DNA in the majority of HBsAg carriers, made it necessary to define a clinically relevant replication threshold. It has been suggested that an HBV DNA load of less than 10 5 copies/mL is associated with an "inactive carrier state," whereas HBV DNA loads higher than 10 5 copies/mL should be considered as clinically significant. 2 In fact, the best discriminatory threshold (or interval, as overlaps may exist) remains to be established in appropriate clinical studies using highly sensitive and accurate HBV DNA assays, and standardized international units. Histologic examination of liver biopsy material is still the best way of assessing the severity of chronic hepatitis B and establishing the prognosis. HBV DNA detection also provides valuable prognostic information. Indeed, active HBV replication is associated with a significant risk of progression to chronic hepatitis B complications (including cirrhosis and hepatocellular carcinoma). 2 This risk is low in the absence of detectable HBV DNA, except in patients with cirrhosis, who may subsequently develop hepatocellular carcinoma despite the absence of HBV replication. The possible prognostic significance of HBV DNA load, and informative thresholds, remains to be determined in appropriate clinical studies.
Treatment of HBV infection. HBV DNA detection and quantification are key tools for treatment monitoring in chronic hepatitis B.
Decision to treat. The decision to treat patients with chronic hepatitis B must be taken individually, on the basis of precisely weighted parameters. Elevated serum ALT activity, a liver biopsy showing chronic hepatitis with or without cirrhosis, and the presence of significant levels of HBV DNA are strong arguments for initiating antiviral therapy. 2 As stated above, no precise clinically relevant HBV DNA thresholds are known, and prospective trials are needed to determine HBV DNA loads (in international unit/milliliter) above which patients with chronic hepatitis B should be treated (and below which they should not be treated).
Selection of optimal therapy. The treatment of chronic hepatitis B is based on IFN-␣ administration at a dose of 5 to 10 million units 3 times a week subcutaneously for 16 to 32 weeks, or lamivudine at a dose of 100 mg per day orally for 48 weeks or longer (150 mg twice daily in human immunodeficiency virus-coinfected patients). 86 -91 Which of these 2 drugs should be chosen for first-line treatment for chronic hepatitis B is controversial. 2 The patients with a low HBV DNA level are more likely than those with a high HBV DNA level to have a sustained response (HBe seroconversion) to IFN-␣. HBV DNA quantification could thus help selecting optimal therapy. Again, the precise HBV DNA cutoff that discriminates between "low" and "high" pretreatment replication needs to be determined, using standardized quantification units.
Treatment monitoring. HBV DNA quantification, together with repeated ALT determinations and HBeAg/ anti-HBe antibody assessments in HBeAg-positive patients, is critical in treatment monitoring. 2 Nonresponders to IFN-␣ have little or no change in HBV DNA load during therapy, whereas responders show a significant decrease. Successful IFN-␣ treatment is char-acterized by HBe seroconversion and a reduction in HBV DNA load below the detection cutoff of signal amplification assays. Small amounts of HBV DNA may be still detectable in HBe seroconverters with target amplification assays. In contrast, HBV DNA is never detected after HBs seroconversion.
In patients receiving lamivudine monotherapy, the potent specific antiviral effect of the drug leads to a significant and rapid decrease in viral load. HBV DNA becomes undetectable in signal amplification assays within a few days to a few weeks in the vast majority of patients, but low-level replication may remain detectable with target amplification assays. HBe seroconversion can occur in HBeAg-positive patients.
Assessment of HBV resistance to lamivudine. HBV resistance to lamivudine is frequent, occurring in 14% to 32% of cases after 1 year of treatment, and 38% to 58% of cases after 2 years of treatment. It is characterized by a relapse of HBV replication during therapy, at levels that may be lower than those seen before treatment. [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] HBV resistance to lamivudine is related to the selection of HBV mutants bearing amino acid substitutions located within or close to the catalytic site of HBV DNA polymerase. 103 These mutations can be detected by direct sequencing or reverse hybridization. 43 These techniques currently have no routine indications. Indeed, HBV resistance is shown by HBV DNA load monitoring, and the identification of lamivudine resistance mutations is clinically irrelevant: patients with these mutations are generally kept on lamivudine or may be switched to nucleotide analogs, such as adefovir dipivoxil or tenofovir, in case of rapidly progressing liver disease. Identification of antiviral resistance mutations might be useful in the future when several combination therapies become available.
Conclusion
In the past decade, the introduction and constant improvement of molecular biology-based techniques have provided invaluable tools for the management of chronic viral hepatitis. They can now be used to test blood donations, diagnose active infection, help to establish the prognosis, guide treatment decisions, and assess the virological response to therapy. Further work is required to fully standardize assays and quantification units, improve automation, and better define clinically relevant thresholds that can be used to establish universal recommendations for patient care. The development of increasingly sensitive and accurate assays for detection and quantification will improve the assessment of the response to antiviral therapy and permit earlier detection of viral resistance. Techniques able to detect minor viral populations within a given patient's quasispecies will permit the detection of resistant mutants before or early during therapy. Our understanding of the mechanisms underlying antiviral resistance will benefit from new technologies, models, and strategies, such as in vitro replication or culture models, in vivo infection models, viral quasispecies analysis strategies, viral kinetics/dynamics monitoring, DNA microarray development, and widespread use of in vitro models to study viral protein functions and virus-host interactions. Together with the development of new antiviral drugs and novel therapeutic approaches, these improvements will allow us to optimize the treatment of chronic viral hepatitis and improve the global results.
